Introduction {#sec1}
============

Photosensitized oxidations are involved in a multitude of phenomena triggered by the excitation of photosensitizer molecules by light, yielding excited states and other reactive species that ultimately elicit oxidative reactions. Because photosensitizers occur naturally in cells and biological structures, photosensitized oxidations are largely responsible for the detrimental effects of excessive sunlight in the skin and hair.^[@ref1]^ In contrast, photosensitized oxidations are increasingly employed to treat diseases, such as cancer and bacterial infections, in the clinical modality named photodynamic therapy (PDT) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref2]^ From the mechanistic perspective, extensive interaction between photosensitizers and lipid membranes often correlates with enhanced photodynamic efficiency, consistently with lipid bilayers surrounding the cell itself and many organelles. Since membranes are mostly composed of proteins and lipids, these biomolecules are the major targets of photoinduced cell inactivation.^[@ref3]^

![Photosensitized oxidations have both detrimental and therapeutic effects. Detrimental effects occur in damage to skin cells and hair exposed to excessive sunlight and due to the presence of natural photosensitizers. In contrast, artificial light sources and synthetic photosensitizers are used in photodynamic therapy (PDT) to selectively inactivate cancer cells, bacteria, and fungi. Both detrimental and therapeutic effects share the same basic mechanism, which results in biomolecule oxidation and cytotoxicity.](ao9b03244_0003){#fig1}

In this mini-review, we focus exclusively on lipid damage and especially on membrane permeabilization, which compromises cell homeostasis and is cytotoxic. Indeed, many of the cell death routes operating in photosensitized oxidation conditions involve leakage of organelle content, resulting in regulated cell death pathways or---in the extreme case---disruption of the plasma membrane, leading to unregulated necrosis.^[@ref2]^ Early studies on liposome permeabilization already attempted to assess membrane oxidation using colorimetric assays as general indicators of lipid oxidation.^[@ref4]^ Even though the progress in the chemical analysis of oxidized lipids is clear, only recent studies described the molecular-level mechanisms of photoinduced lipid oxidation in conditions associated with membrane permeabilization.^[@ref5],[@ref6]^

Given the prominent role of membrane permeabilization in biological photosensitized oxidations, we aim to review the molecular mechanisms involved in this transformation and apply this knowledge to discuss ways of controlling the outcomes of PDT and skin photodamage. Even though the research on lipid oxidation extends beyond photosensitized oxidations, being broadly investigated in the contexts of food waste and disease (e.g., atherosclerosis),^[@ref7]^ we limit our discussion to a variety of reactions elicited by photosensitizers. In addition to that, we constrain our discussion to monounsaturated lipids, which have been used in most of the mechanistic and biophysical studies on photosensitized oxidations. These lipids depend on external agents to be oxidized and generate fewer products than polyunsaturated lipids, which have bisallylic hydrogens and undergo auto-oxidation.^[@ref8]^

Photosensitized Oxidations in the Context of Lipid Oxidation and Membrane Permeabilization {#sec2}
==========================================================================================

Photosensitized oxidations start with light absorption by a photosensitizer, which is converted into an excited singlet state. This species may be converted to its lower excited triplet state by intersystem crossing, yielding a longer-lived species that has a higher probability of engaging in an electron or energy transfer process with molecules nearby. The latter mechanism is responsible for generating singlet oxygen \[O~2~(^1^Δ~g~)\], an excited state of molecular oxygen that usually has a lifetime in the microsecond range and that is highly reactive against unsaturated lipids, proteins, and nucleic acids.^[@ref9]^ In addition, both singlet and triplet excited states of photosensitizers are generally better reductants and oxidants than the ground-state photosensitizer, meaning that photosensitizers may engage in novel redox reactions after the absorption of light.^[@ref2]^ The probability of excited states effectively engaging in biologically relevant redox reactions depends on their generation in the proximity of biological targets, given that their diffusion range is limited by their lifetimes. Moreover, these reactions face strong competition from singlet oxygen generation by excited triplet states: while photosensitizers usually have high singlet oxygen generation quantum yields and singlet oxygen is often considered a major player in PDT, the generation of superoxide radicals by direct electron transfer from excited triplet states to oxygen is believed to seldom occur. For this reason, superoxide radicals are unlikely to play a significant cytotoxic role if compared with singlet oxygen or photosensitizer excited state themselves.^[@ref2],[@ref10]^

Several definitions were proposed to classify the mechanism of photosensitized oxidations, the most famous one being the classification in Type I and Type II originally proposed by C. S. Foote. This classification sorted processes depending on specific interactions of the excited state of the photosensitizer with a substrate or solvent (Type I) or with oxygen (Type II).^[@ref11]^ This definition and others have been interpreted and employed in different ways in the literature (e.g., often the term "Type I" is used to describe electron-transfer reactions solely).^[@ref10]^ In order to discuss the molecular details of photosensitized oxidation mechanisms with clarity, here we classify the first steps of photosensitized oxidations in the (i) contact-dependent pathway, in which the excited state of the photosensitizer directly reacts with the biological target, and (ii) contact-independent pathway, in which the excited state of the photosensitizer generates a mediator species (usually singlet oxygen), which diffuses and then reacts with the target ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). This definition shares similarities with the original classification by Foote, while emphasizing whether the oxidation of the biological target relies directly or not on an effective collision (i.e., direct reaction) with the excited state of the photosensitizer itself.

![Excited states of photosensitizers oxidize substrates by contact-dependent or contact-independent pathways. (A) The photoexcitation of a photosensitizer (PS) in the ground singlet state (S~0~) results in an excited singlet state (S~1~), which may undergo intersystem crossing (ISC) and originate an excited triplet state (T~1~). In the contact-dependent pathway (B), the excited photosensitizer directly reacts with the target substrate. In contrast, in the contact-independent pathway (C), a mediator species is first formed by interaction or reaction with the excited photosensitizer. This mediator species, commonly singlet oxygen, may diffuse over hundreds of nanometers before reacting with the target substrate.](ao9b03244_0004){#fig2}

Contact-dependent pathways rely on the occurrence of an effective collision of the excited photosensitizer with the biological target (e.g., unsaturated lipids), triggering reactions such as initiation of lipid peroxidation by hydrogen abstraction. The effective collision needs to happen within the diffusion pathway of the excited state of the photosensitizer, which is limited by the excited state lifetime. Therefore, contact-dependent pathways clearly depend on the affinity and close proximity of the photosensitizer to its target (e.g., interaction with lipid bilayers). In contrast, contact-independent pathways rely on the formation of a mediator species (e.g., singlet oxygen) via interactions or reactions involving the excited photosensitizer. In this case, it is not the excited photosensitizer, but this mediating, diffusive species that undergoes an effective collision with the biological target. Note that the mediator species may also be an excited state and have a limited diffusion length; however, the average diffusion length of singlet oxygen, which is the main agent in contact-independent pathways, is at least 1 order of magnitude larger than the thickness of lipid membranes. As a result, the effective collision between singlet oxygen and unsaturated lipids may happen considerably far from the original location where the photosensitizer excited state was generated, meaning that contact-independent pathways have a potentially larger action range if compared with contact-dependent ones and may still be biologically relevant even for photosensitizers that remain in aqueous solution instead of tightly interacting with biomolecules.

The overall contribution of each mechanism depends on specific properties of the photosensitizer (e.g., oxidation and reduction potentials) and on the available substrates for electron or energy transfer. From the kinetics point of view, the outcome of the photosensitization event is governed by the relative rate constant for each process and by the relative concentration of molecular oxygen and substrates for direct reactions.^[@ref12]^ As mentioned above, since excited states have a limited lifetime, substrates must be available within the diffusion range of the excited photosensitizer. As a result, membrane binding is a prerequisite for contact-dependent pathways.^[@ref5]^ This factor is especially relevant when contact-dependent processes elicited by singlet and triplet excited states are compared. Given that for organic molecules the former may live more than 1 order of magnitude less than the latter, excited singlet states may need to be generated already in molecular contact with the biological target. Instead, longer-lived excited species may have time to reach the target through diffusion. In addition to that, other factors such as photosensitizer aggregation and interaction with proteins also modulate the photosensitization mechanism,^[@ref2]^ while the membrane itself additionally affects excited triplet state lifetimes.^[@ref13]^

The distinction between contact-dependent and contact-independent pathways applies solely to the initial steps of photooxidation. Once primary reaction products are formed (e.g., lipid radicals or reduced photosensitizer species), subsequent chemical reactions ensue according to the available species and their reactivity. These steps often do not directly involve excited photosensitizers or do not happen directly after photosensitizer excitation, meaning that at this stage the classification in contact-dependent and contact-independent mechanisms is no longer appropriate or obvious. Yet, these reactions may be of biological relevance and generate highly oxidant species such as hydroxyl radicals or even excited states. One example of such processes is the combination and ensuing decomposition of two peroxyl radicals, yielding singlet oxygen or excited carbonyls.^[@ref9]^ Likewise, semireduced photosensitizer radicals may generate superoxide radicals by one-electron reduction of oxygen,^[@ref10]^ demonstrating that the initial photosensitization step may trigger a variety of reactions that proceed without direct photon absorption.

Below, we first review studies describing the mechanisms and consequences of the contact-independent pathway. Next, we provide a detailed discussion of the primary processes involved in the contact-dependent pathway, followed by a review of the critical role of truncated lipid aldehydes in membrane permeabilization.

Contact-Independent Pathway: Singlet Oxygen as a Mediator {#sec2.1}
---------------------------------------------------------

Singlet oxygen reacts via the ene reaction with unsaturated lipids, being those sterols or lipids bearing fatty acyl chains. Allylic hydrogens are required for the ene reaction to occur, meaning that saturated lipids have low reactivity toward singlet oxygen. The ene reaction yields allylic lipid hydroperoxides solely in the *E* (*trans*) configuration, with the number of positional isomers increasing for polyunsaturated lipids. For example, the oxidation of oleic acid (18:1 Δ^9^), which has a single unsaturation in the *Z* configuration, yields two positional isomers with a single unsaturation in the *E* configuration: 18:1 Δ^10^ and 18:1 Δ^8^, bearing −OOH groups in positions 9 and 10, respectively.^[@ref9]^

When singlet oxygen is the only oxidizing agent, oxidation of monounsaturated lipids exclusively yields lipid hydroperoxides.^[@ref12],[@ref14]^ Lipid hydroperoxides accumulate in the membranes, being stable in the absence of high temperatures, acids, or transition metal ions.^[@ref7],[@ref12]^ In addition to that, there is no evidence of the occurrence of a second ene reaction event involving the newly formed double bond in monounsaturated lipid hydroperoxides. In contrast, tandem singlet oxygen additions have been reported for polyunsaturated substrates (including lipids) in both the case of the ene reaction and other types of reactions carried out by singlet oxygen.^[@ref15],[@ref16]^

To assess the role of singlet-oxygen-mediated reactions compared with other processes elicited by photosensitizers, it is essential to consider the magnitude of the rate constant for the ene reaction between singlet oxygen and lipids. This parameter is usually determined by monitoring (i) the characteristic near-infrared (NIR) luminescence of singlet oxygen or (ii) changes in the concentration of products and reagents. The former method allows for direct measurements of the singlet oxygen lifetime, which is the reciprocal of its first-order decay constant. By varying the concentration of quenchers (e.g., lipids) and employing the Stern--Volmer relationship, bimolecular rate constants for singlet oxygen quenching (*k*~q~) may be obtained.^[@ref17]^ Nevertheless, *k*~q~ encompasses both chemical and physical quenching, which cannot be separately determined by NIR luminescence. This fact is a significant limitation of this methodology, given that many compounds suppress singlet oxygen via both mechanisms. Instead, chemical quenching constants may be independently measured by monitoring changes in the chemical composition of samples, such as the formation of specific hydroperoxide isomers. The most significant drawback of this methodology is the interference of competing reactions (*e.g*., contact-dependent pathways), yielding common or similar products to ene reaction products, perhaps super estimating the singlet oxygen chemical quenching constant.

While saturated lipids quench singlet oxygen only physically, both chemical and physical deactivation channels are relevant for unsaturated lipids. For instance, a singlet oxygen luminesce study employing fatty acids in carbon tetrachloride solution showed that *k*~q~ ranged from 10^3^ to 10^4^ M^--1^ s^--1^ for saturated fatty acids, depending on the number of hydrogen atoms. For unsaturated fatty acids, the magnitude of *k*~q~ additionally depended on the number of allylic and especially bisallylic hydrogens, as expected for chemical quenching. For oleic acid (18:1), the presence of one double bond led to a *k*~q~ value of 1.7 × 10^4^ M^--1^ s^--1^, which is twice as high as for stearic acid (18:0). For the polyunsaturated linoleic (18:2) and linolenic (18:3) acids, the measured quenching constants were even higher than for oleic acid. Indeed, whereas for oleic acid the chemical quenching deactivation channel was estimated to have a 60% contribution to the overall quenching, this figure increased to 95% for arachidonate.^[@ref18]^

The determination of singlet oxygen quenching constants directly in lipid membranes is challenging. For NIR luminescence studies, data analysis in microheterogeneous systems requires models that are much more complex than the models usually employed for isotropic solutions since diffusion and partition of singlet oxygen must be considered. Moreover, the best available models for membrane systems are fairly irresponsive to variations of singlet oxygen lifetime in membranes: because membranes are only a few nanometers thick, singlet oxygen diffuses to the aqueous medium within nanoseconds. As a result, shortly after the excitation pulse, the luminescence signal has a greater contribution originating from the membrane, while the luminescence resulting from the decay in aqueous medium dominates most of the ensuing luminescence kinetics. Nevertheless, even the brief contribution coming from the membrane translates poorly the suppression of singlet oxygen by lipids, given that the diffusion of singlet oxygen out of the membrane contributes to the signal as the main deactivation channel.^[@ref19]^ Therefore, the literature lacks precise determinations of the singlet oxygen lifetime in membranes by NIR luminescence and, consequently, of the effect of lipid composition on this parameter. As an approximation for membrane-based environments, singlet oxygen lifetimes have been determined in phosphatidylcholine films. The measured values are in the range of ca. 5--20 μs, falling in the lower end for hydrated films and on the higher end for dry films.^[@ref13],[@ref20]^

Methods based on quantification of photooxidation products have also been employed to determine the rate constant for the reaction of singlet oxygen with lipids in membranes. By monitoring spectral changes caused by the formation of hydroperoxide conjugated dienes, a value of 7.5 × 10^5^ M^--1^ s^--1^ was measured in egg yolk phosphatidylcholine liposomes.^[@ref21]^ Paying attention to biophysical changes to the membrane, Weber et al. exploited the increase in membrane surface area caused by lipid hydroperoxides to derive the rate of lipid hydroperoxide formation in 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphocholine (POPC) giant unilamellar vesicles (GUVs) containing a membrane-anchored photosensitizer. The authors calculated a rate constant value of 3 × 10^6^ M^--1^ s^--1^ and estimated that ca. one in every five singlet oxygen molecules undergo chemical quenching under these conditions.^[@ref14]^

Since the singlet oxygen generation quantum yield of photosensitizers is usually high, lipid hydroperoxides tend to be the major lipid oxidation product and accumulate in the membranes.^[@ref5]^ Lipid hydroperoxides have different properties compared with their nonoxidized lipid counterparts and adopt a distinct conformation when inserted in the bilayer. Due to its capability of forming hydrogen bonds with water and lipid polar heads, the hydroperoxide group migrates to the polar head region of the bilayer, introducing a bend in the oxidized lipid chain. Computational and experimental studies show that the bending of the fatty acyl chain results in a 15--20% increase in membrane surface area upon full conversion of POPC or 1,2-dioleoyl-*sn*-glycero-3-phosphocholine (DOPC) to hydroperoxides ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A), which is accompanied by a 15--20% decrease in membrane thickness.^[@ref5],[@ref22]^ Even though several other transformations were reported to occur due to the formation of lipid hydroperoxides (e.g., changes in lipid lateral phase separation behavior^[@ref23]^ and a ca. 4-fold decrease in the membrane stretching modulus^[@ref14]^), full conversion of monounsaturated lipids to hydroperoxides does not permeabilize the membrane toward sugars or cause pore opening, as observed in experiments with GUVs and also in computational simulations of membranes ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B).^[@ref5],[@ref14],[@ref24],[@ref25]^ Furthermore, the formation of hydroperoxides was shown by molecular dynamics simulations to be insufficient to explain the dramatic increase in permeability of electroporated membranes.^[@ref26]^

![(A) Snapshots of a 1,2-dioleoyl-*sn*-glycero-3-phosphocholine (DOPC) giant unilamellar vesicle irradiated with 4 μM methylene blue and observed by phase-contrast microscopy. Note that the initially tense vesicle first gains surface area, then recovers the tense state, and finally gets permeabilized. (B) Snapshots from molecular dynamics simulations of a single-component 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphocholine (POPC) hydroperoxide membrane, showing (i) lipids with oxidized groups highlighted in red (van der Waals spheres), with water molecules omitted for simplicity, and (ii) water molecules only, with lipids omitted. The molecular structure of the simulated lipid hydroperoxide is additionally provided. (C) Snapshots from molecular dynamics simulations of a single-component 1-palmitoyl-2-(9′-oxo-nonanoyl)-*sn*-glycero-3-phosphocholine (ALDOPC) membrane, showing (i) lipids with oxidized groups highlighted in red (van der Waals spheres), with water molecules omitted for simplicity, and (ii) water molecules only, with lipids omitted. The molecular structure of the simulated lipid aldehyde is additionally provided. Panels (B) and (C) were adapted with permission from Bacellar, I. O. L.; Oliveira, M. C.; Dantas, L. S.; Costa, E. B.; Junqueira, H. C.; Martins, W. K.; Durantini, A. M.; Cosa, G.; Di Mascio, P.; Wainwright, M; Miotto, R.; Cordeiro, R. M.; Miyamoto, S.; Baptista M. S. *J. Am. Chem. Soc*. 2018, *140* (30), 9606--9615. Copyright 2018 American Chemical Society.](ao9b03244_0005){#fig3}

Contact-Dependent Pathway: Radical-Mediated Lipid Oxidation {#sec2.2}
-----------------------------------------------------------

Lipid peroxidation initiated by contact-dependent reactions starts with a direct reaction between a lipid and the excited state of a photosensitizer, being followed by radical-mediated reactions. Differently from singlet-oxygen-mediated lipid oxidation, which proceeds via a single type of reaction, the contact-dependent pathway involves many classes of reactions and yields different kinds of products depending on the photosensitizer and subtracts. For this reason, a significant part of the topics covered in this section is derived from general studies on lipid peroxidation, whenever possible relating to specific features of photosensitized oxidation. The discussion mainly focuses on monounsaturated lipids since we are mainly interested in the initial oxidation processes triggered by light.

Classically, lipid peroxidation is divided into three phases, which are initiation, propagation, and termination. Initiation refers to the creation of lipid carbon-centered radicals. These radicals quickly react with oxygen, forming peroxyl radicals. In the propagation step, peroxyl radicals abstract hydrogen atoms from nonoxidized lipids, forming lipid hydroperoxides and new carbon-centered radicals, which may engage in further propagation reactions and extend lipid oxidation. Nevertheless, the continuation of the propagation sequence may be interrupted if two peroxyl radicals react and form a nonradical species, which is considered a termination step.

Under photosensitized oxidation conditions, initiation may happen via a direct reaction between a nonoxidized lipid and the excited state of the photosensitizer. Excited states may abstract hydrogen atoms from lipids, forming lipid carbon-centered radicals ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, reaction 2). The ease of hydrogen abstraction and the initiation rate depend on the proximity between the photosensitizer and the target and on the bond dissociation energy (BDE) of the C--H bond.^[@ref8],[@ref27]^ The BDE of allylic hydrogens was calculated as being 79 kcal mol^--1^ for methyl oleate acid. For bisallylic hydrogens, the value is lower (e.g., 70 kcal mol^--1^ for methyl linoleate),^[@ref28]^ while for alkyl hydrogens the value is estimated to be ca. 10 kcal mol^--1^ higher.^[@ref29]^ For this reason, saturated lipids are resistant to oxidation.

![Chemical pathways for photoinduced membrane permeabilization. The map distinguishes between contact-independent and contact-dependent processes, which rely on singlet oxygen or on direct reactions between PSs and lipids, respectively. PS(S~0~), PS(T~1~): PS ground and excited triplet states; ^3^O~2~,^1^O~2~: ground and excited singlet states of oxygen; R^•^: generic radical species; LH: nonoxidized lipid; L^•^, LOO^•^, LO^•^: lipid-carbon-centered, peroxyl and alkoxyl radicals; LOOH, LOH, LO, LO\*: lipid hydroperoxide, alcohol, ketone, and excited state ketone. A snapshot of a simulated aldehyde membrane, showing pore opening, is also provided. Reprinted with permission from Bacellar, I. O. L.; Oliveira, M. C.; Dantas, L. S.; Costa, E. B.; Junqueira, H. C.; Martins, W. K.; Durantini, A. M.; Cosa, G.; Di Mascio, P.; Wainwright, M; Miotto, R.; Cordeiro, R. M.; Miyamoto, S.; Baptista M. S. *J. Am. Chem. Soc*. **2018**, *140* (30), 9606--9615. Copyright 2018 American Chemical Society.](ao9b03244_0006){#fig4}

The excited triplet state of riboflavin was shown to abstract hydrogens from polyunsaturated methyl esters with rate constants larger than 10^5^ M^--1^ s^--1^ but with values of the magnitude of 10^4^ M^--1^ s^--1^ or smaller for the monounsaturated methyl oleate.^[@ref28]^ The latter value is orders of magnitude smaller than the quenching rate of excited triplet states by oxygen,^[@ref9]^ suggesting that singlet oxygen generation may be the major triplet deactivation route unless in oxygen-deprived samples or if the photosensitizer is in close contact with subtracts for direct reactions. Excited triplet states of other classes of photosensitizers have also been shown to abstract hydrogen atoms of lipids in homogeneous solutions and in micelles, as is the case of urocanic acid, vitamin K, and benzophenone.^[@ref30],[@ref31]^ Specifically in the latter case, the rate of hydrogen abstraction was shown to depend on the number of available allylic and bisallylic hydrogens.^[@ref31]^ A recent publication by us additionally showed that the bleaching rate of the amphiphilic photosensitizer DO15 increases in the presence of unsaturated lipids and depends on the concentration of double bonds, suggesting the occurrence of direct reactions between photosensitizers and lipids.^[@ref5]^

Lipid-carbon-centered radicals react with oxygen with rates of at least 10^9^ M^--1^ s^--1^, yielding lipid peroxyl radicals.^[@ref7],[@ref8]^ This reaction is reversible and, together with radical stabilization by resonance structures, accounts for radical isomerization and the formation of a higher number of hydroperoxide isomers than formed through the ene reaction.^[@ref8],[@ref27]^ Indeed, radical-mediated oxidation of oleic acid yields isomers in both the *E* and *Z* configurations, with the oxygenated group attached to carbon numbers 8, 9, 10, or 11.^[@ref32]^ The differences in number and type of positional isomers of hydroperoxides formed via radical- and singlet-oxygen-mediated oxidations are commonly employed to distinguish between these mechanisms. For example, by analyzing positional isomers of oxidized phenyl esters of oleic and linoleic acid, Chacon et al. concluded that riboflavin had the most significant contribution of radical chemistry among a group of photosensitizers including MB, erythrosine, and hematoporphyrin.^[@ref33]^ Oxidation products of cholesterol are also often employed for this purpose, as its oxidation product 3β-hydroxy-5α-cholest-6-ene-5-hydroperoxide is considered a biomarker of singlet-oxygen-mediated oxidation.^[@ref12]^

The conversion of lipid peroxyl radicals into lipid hydroperoxides requires the abstraction of a hydrogen atom, usually from a nonoxidized lipid. This process yields a new carbon-centered radical, which may react with molecular oxygen and propagate lipid oxidation. The hydrogen abstraction step is usually the rate-limiting step of lipid oxidation, and for this reason, peroxyl radicals tend to accumulate and are considered the prevailing chain carriers during lipid oxidation.^[@ref27],[@ref34]^ In solution, propagation rate constants vary from 10^--1^ to 10^3^ M^--1^ s^--1^,^[@ref8]^ with a 5-fold decrease being reported for 1,2-dilinoleoyl-*sn*-glycero-3-phosphocholine (DLPC) in lipid bilayers if compared with *tert*-butyl alcohol solutions.^[@ref35]^ Since the bond dissociation energy (BDE) of OO--H bonds is relatively independent of the peroxyl radical structure, the rate constant of the propagation step depends mostly on the BDE of the available C--H bonds.^[@ref27]^ Note that for methyl oleate there is not a substantial difference between the C--H BDE (79 kcal mol^--1^) and the value reported for the OO--H BDE for a small organic substrate (85 kcal mol^--1^).^[@ref28],[@ref29]^ Standard one-electron reduction potential values (*E*^0^′, pH = 7) are also commonly used to predict the spontaneity of lipid oxidation reactions. This analysis confirms that lipids may be possible substrates for hydrogen abstraction by peroxyl radicals (*E*^0^′ = ∼0.77--1.44 V for alkylperoxyl radical ROO^•^, H^+^/ROOH) at allylic sites (*E*^0^′ = 0.96 V for allyl^•^, H^+^/allyl--H in propene) and specially at bisallylic sites (*E*^0^′ = 0.60 V for PUFA^•^, H^+^/PUFA--H, for bisallylic hydrogens in polyunsaturated fatty acids, PUFA), even though it should be noted that peroxyl radicals have a wide range of reduction potentials^[@ref34]^ and that biological conditions may be far off from the standard condition.

At later stages of lipid oxidation, lipid hydroperoxides formed through radical-mediated pathways or via the ene reaction ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, reaction 1) may start to accumulate and also undergo direct reactions with excited states of photosensitizers ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, reaction 3). Two different possibilities may occur: breakage of the O--OH bond (BDE = 47 kcal mol^--1^) or the OO--H bond (BDE = 85 kcal mol^--1^), leading to alkoxyl and peroxyl radicals, respectively.^[@ref29]^ While most of the studies on quenching of photosensitizer excited states by hydroperoxides report on ultraviolet-absorbing molecules that are likely nonrepresentative of common drugs employed in PDT, there is evidence that excited states of metallophthalocyanines^[@ref36]^ and phenothiazines react with hydroperoxides.^[@ref5],[@ref37]^ Tanielian and Mechin showed that the excited triplet state of methylene blue (MB) is quenched by *tert*-butyl hydroperoxide with a bimolecular rate constant of 10^6^ M^--1^ s^--1^ in deoxygenated chloroform. The authors concluded that a hydrogen atom transfer occurs from the hydroperoxide to the excited triplet state of MB via electron transfer, forming a peroxyl radical and the protonated semireduced MB radical.^[@ref37]^ The phenothiazine photosensitizer DO15 was additionally shown to be photobleached by lipid hydroperoxides in lipid bilayers, in conditions in which oxygenated lipid radicals were also detected.^[@ref5]^

The possible production of alkoxyl radicals by excited states of photosensitizers opens additional reaction channels for photoinduced membrane damage. Even though it is challenging to distinguish peroxyl and alkoxyl radicals experimentally, alkoxyl radicals usually have higher reaction rates and are less selective than peroxyl radicals.^[@ref8]^ Indeed, alkoxyl radicals may abstract hydrogens both from nonoxidized lipids and from the −OOH group of hydroperoxides,^[@ref34]^ forming lipid alcohols that may also accumulate in membranes. Alkoxyl radicals may additionally be obtained by one-electron reduction of lipid hydroperoxides by reductants or metal ions.^[@ref12]^ For instance, phosphatidylethanolamine alcohols and hydroperoxides were detected by mass spectrometry in bacteria irradiated with positively charged porphyrins.^[@ref38]^

Lipid hydroperoxides, peroxyl radicals, and alkoxyl radicals may all yield nonradical products through reactions specific to each class of products. Hydroperoxides, for example, may undergo two-electron reduction to their corresponding alcohols.^[@ref12]^ Lipid radicals may undergo termination reactions forming lipid dimers, which may be stable and detectable in cell membranes.^[@ref39]^ Nevertheless, the termination reaction of two peroxyl radicals forms an unstable linear tetroxide dimer, which decomposes into a lipid ketone, a lipid alcohol, and molecular oxygen.^[@ref9]^ This mechanism is known as the Russell mechanism ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, reaction 4) and has been suggested to occur under photosensitized oxidation conditions, as indicated by the detection of lipid alcohol and ketones in equimolar concentrations.^[@ref5]^ Interestingly, either the ketone or oxygen is produced as an excited state, making the Russell mechanism a clear example of how later steps of lipid oxidation may yield reactive species that further contribute to the complexity of lipid oxidation processes.

Phospholipid aldehydes with truncated carbon chains were detected in DOPC lipid films irradiated with rhodamine-DPPE,^[@ref40]^ in DLPC liposomes irradiated with a pterin derivative^[@ref41]^ and recently detected and related to membrane permeabilization in POPC liposomes irradiated with the phenothiazine photosensitizers MB and DO15. The literature often proposes Hock cleavage^[@ref42]^ as the mechanism of formation of truncated lipid aldehydes directly from lipid hydroperoxides.^[@ref43]^ Nevertheless, this mechanism was never demonstrated for monounsaturated lipids and is supposed to involve acid catalysis.^[@ref42]^ We recently showed that GUVs made from POPC hydroperoxides are impermeable to sugars and are as stable in low pH (pH \> 3.5) as pristine POPC vesicles. The observation that not even membranes made of polyunsaturated lipid hydroperoxides are unstable at low pH refutes the hypothesis that the acid-catalyzed Hock cleavage plays a role in photosensitized membrane permeabilization.^[@ref5]^

In contrast, there is significant evidence that truncated lipid aldehydes may instead be formed through alkoxyl radical β-scission ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, reaction 5), a reaction in which the C--C bond adjacent to the carbon bearing the −O^•^ group undergoes homolytic cleavage. This reaction yields a lipid aldehyde and a short-chain carbon-centered radical, which may determine the major products being formed (e.g., the formation of alkyl radicals is more favored than that of vinyl radicals).^[@ref44]^ Tanielian et al. showed that irradiation of MB in a benzene/methanol mixture introduced hydroperoxide groups in the polymer *cis*-1,4-polybutadiene, a process that was followed by oxygen-independent polymer chain scission and photobleaching of MB. The authors attributed this result to MB converting hydroperoxides to alkoxyl radicals, which subsequently fragment via alkoxyl radical β-scission.^[@ref45]^ More recently, we showed that the structures of truncated lipid aldehydes detected during membrane permeabilization were entirely consistent with their exclusive formation through alkoxyl radical β-scission, in conditions in which the formation of oxygenated lipid radicals was signaled by the fluorogenic probe H~2~B-PMHC.^[@ref5]^

In summary, contact-dependent mechanisms may generate a large variety of products, which are expected to increase for polyunsaturated lipids. Yet, the role of contact-dependent mechanisms and the kinetics of membrane permeabilization were shown to follow similar trends for both monounsaturated and polyunsaturated lipids, suggesting the existence of common fundamental mechanisms and product classes.^[@ref5]^ Lipid hydroperoxides and, additionally, lipid alcohols and lipid ketones do not seem to increase membrane permeability on their own.^[@ref5],[@ref14]^ On the contrary, truncated lipid aldehydes were shown to have profound effects on bilayer permeability, as will be discussed in the following section.

The fact that the formation of aldehydes by alkoxyl radical β-scission invariably requires contact-dependent mechanisms reinforces the idea that singlet-oxygen-mediated oxidation is not enough for membrane permeabilization, even though photosensitizers typically have high singlet oxygen generation quantum yields and despite singlet oxygen being able to react up to hundreds of nanometers away from its original generation site. This is the case of the aforementioned photosensitizers MB and DO15, which lead to very different degrees of membrane oxidation in conditions in which both molecules deliver a similar flux of singlet oxygen molecules to the membrane. When added to a liposome solution, MB stays mostly in the aqueous phase (i.e., mostly in the form of freestanding molecules), while a higher fraction of DO15 molecules partitions in the membrane. In the conditions tested, MB takes much longer irradiation times to permeabilize membranes than DO15, and this results from the smaller number of effective collisions between the lipid double bonds and the excited triplet states of MB, which mostly need to diffuse from the aqueous solution. In contrast, many DO15 triplet excited states are generated within molecular contact with the biological target, allowing for higher efficiency of initiation of lipid oxidation and showcasing that extensive partitioning of photosensitizers in membrane systems is a key factor governing photodynamic activity. Because contact-dependent pathways require physical proximity of the photosensitizer and the right conformation and geometry for reactions with the target to occur, contact-dependent pathways may be very inefficient if compared with singlet oxygen generation in solution. This idea is reinforced by photosensitizer photobleaching quantum yields in the order of 10^--4^ to 10^--5^ in the presence of membranes;^[@ref6]^ however, these contact-dependent events are the ones that cause actual damage in membranes.

Lipid Truncated Aldehydes and Membrane Permeabilization {#sec3}
=======================================================

Most of the progress toward unraveling the permeabilization effects of photosensitizers in membranes results from three different approaches: microscopy observation of GUVs, permeability assays with liposomes, and computational studies. Around a decade ago, Caetano et al. reported the first systematic study of photoinduced membrane permeabilization in GUVs. Using DOPC vesicles, the authors showed that irradiation of membranes under high concentrations of MB caused vesicle explosion.^[@ref43]^ Several studies then followed, providing a closer look at the transformations suffered by GUVs at milder oxidation conditions. At the onset of the experiments, GUVs are usually spherical and tense. The formation of hydroperoxides increases membrane surface area, which is often accompanied by an intensification of thermal fluctuations and fast changes of GUV shape. The GUV then recovers its spherical shape while accommodating the excess area in buds and strings ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Depending on the photosensitizer used, this stage is followed by membrane permeabilization.^[@ref46]^

Membrane permeabilization is typically detected through observation of GUVs by phase-contrast microscopy. For this application, GUVs are produced in sucrose solutions and diluted in glucose solutions, resulting in increases in membrane permeability that reduce the refraction index difference between the inner and the outer solutions ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). GUVs containing 100% POPC or DOPC hydroperoxides can maintain sugar asymmetry to the same levels as nonoxidized lipids,^[@ref5],[@ref14]^ while GUVs treated with light and photosensitizers such as MB gradually lose contrast.^[@ref46]^ In photooxidized GUVs, transient micrometric-sized pores are commonly observed during irradiation.^[@ref40],[@ref46]^ Their lifetime increases from less than a second to 3--4 s when the viscosity of the medium is raised by addition of glycerol.^[@ref40]^ Yet, it is likely that nanometric pores also formed under these conditions and that they would be sufficient for sugar transport, although their size renders imaging and lifetime determination challenging. Even though pores cannot be observed in submicrometric-sized liposomes, these membrane systems provide insight into the chemical properties of pores and on their formation pathways. Indeed, the extent of the photoinduced permeabilization effect was shown to depend on the nature of the transported solute, being more significant for species with smaller charge density (e.g., 5(6)-carboxyfluorescein), as opposed to monatomic ions. Membrane permeabilization was also reported to be accompanied by an increase in lipid flip-flop rates, suggesting that the permeation of amphiphilic solutes would initially depend on water defects, which later evolve into open and less selective pores.^[@ref47]^

In contrast to lipid hydroperoxides, alcohols and ketones,^[@ref5]^ lipid aldehydes with truncated chains were shown to increase membrane permeability. The permeabilization effect of aldehydes and its concentration dependence was thoroughly characterized in liposomes, employing membranes already formed in the presence of these oxidized lipids. Ytzhak and Ehrenberg studied the permeabilization effect of 1-palmitoyl-2-glutaryl-*sn*-glycero-3-phosphocholine (PGPC) and 1-palmitoyl-2-(9′-oxo-nonanoyl)-*sn*-glycero-3-phosphocholine (ALDOPC) in liposomes of phosphatidylcholine from egg yolk. Using a potentiometric dye, they showed that 2 mol % of any of these oxidized lipids was enough to promote dissipation of a K^+^ electric diffusion potential in liposomes. Leakage was accelerated by increasing aldehyde concentrations up to 16 mol %, at which point membranes became unstable. When the oxidized lipids were substituted by [l]{.smallcaps}-α-lysophosphatidylcholine from egg yolk, no dissipation effects were observed up to 20 mol %, with membrane destabilization occurring above 25 mol %.^[@ref48]^ Runas and co-workers also investigated the effect of low levels of aldehydes on membrane permeability, employing GUVs with fixed percentages of 1,2-dimyristoyl-*sn*-glycero-3-phosphocholine (DMPC) and cholesterol and with variable levels of 1-palmitoyl-2-linoleoyl-*sn*-glycero-3-phosphocholine (PLPC) and its oxidized product ALDOPC. Using a microfluidic approach, they observed that increasing the amount of ALDOPC from 0 to 2.5 mol % enhanced in 1 order of magnitude the membrane permeability to the hydrophilic and uncharged molecule PEG12-NBD. Only above 12.5 mol % of ALDOPC, membranes became permeable (yet still stable) to fluorescein-dextran of 40 or 2000 kDa, suggesting the opening of pores larger than 55 nm.^[@ref49]^

Molecular dynamics simulations provide fundamental mechanistic insight into the permeabilization effects of lipid aldehydes. These studies show that pore opening develops from randomly distributed lipids, which aggregate and form water defects. Similarly to lipid hydroperoxides, the carbonyl group of the aldehyde chain was shown to migrate to the polar head region of the lipid bilayer, where it establishes hydrogen bonds with the polar heads themselves and also with water molecules. In average, the oxidized carbon chains lay flat and parallel to the bilayer, in the so-called "extended conformation". Nonetheless, the aldehyde chains experience an angular distribution that is wider than that of hydroperoxide chains, due to a lower average number of hydrogen bonds and due to their shorter length, enabling them to access more free volume.^[@ref24],[@ref50],[@ref51]^ Occasionally, the truncated chains populate the hydrophobic region of the bilayer and even interact with the oxidized groups from the opposing leaflet, increasing the dielectric constant inside the membrane and decreasing membrane thickness. Not only that, hydrogen-bonded water molecules are also carried inside the bilayer by the mobile aldehyde chains, originating transient water bridges that may progress into pores.^[@ref24]^ Depending on the degree of membrane oxidation, the resulting membrane pores may be stable for hundreds of nanoseconds and often remain open for the remainder of the simulation.^[@ref5],[@ref51]^

The extended conformation of lipid aldehydes additionally increases the lipid--lipid distance and favors water penetration,^[@ref51]^ as supported by experimental measurements, showing increased membrane hydration in oxidized membranes.^[@ref52]^ Simulations revealed that increasing fractions of 1-palmitoyl-2-(5′-oxo-valeroyl)-*sn*-glycero-3-phosphocholine (POVPC) (15--66 mol %) in DOPC membranes altered water permeation across the membrane from the passage of single-water molecules to the passage of small clusters, with transient water defects occurring solely in the headgroup region. In the range of 75--100 mol % of POVPC, larger water defects appeared, some of which evolved into transmembrane water-filled pores. The opening of pores, which occurred at shorter times at higher aldehyde concentrations, increased the number of transported water molecules by 2 orders of magnitude if compared with transport across intact membranes.^[@ref51]^ Moreover, the overall conical shape of lipid aldehydes (packing parameter ≈0.5) is also believed to contribute to the stabilization of pore edges and micelle-like structures, in contrast to the cylindrical shape of hydroperoxides and nonoxidized lipids (packing parameter ≈1).^[@ref24]^

Therefore, it is clear that the permeabilization effects of lipid aldehydes result from a precise combination of properties, including molecular conformation, chain mobility, and hydrogen bonding capabilities. Interestingly, the truncated lipid carboxylic acid 1-palmitoyl-2-azelaoyl-*sn*-glycero-3-phosphocholine (PAzePC) was shown to adopt the extended conformation when in the protonated form, similarly to its aldehyde counterpart ALDOPC. Nonetheless, experiments in POPC multilamellar vesicles in a broad pH range revealed solely an increase in the disorder of the hydrophobic region of the bilayer, yet without the opening of pores.^[@ref53]^ Even in the case of aldehydes, membrane permeability was shown to be influenced by additional molecules present in the membrane. For instance, both aldehyde fragments produced as a result of lipid chain break and cholesterol were shown to reduce the susceptibility of membranes to pore opening.^[@ref25]^ Therefore, it should be expected that other oxidized species formed in the membrane may modulate the permeabilization effect of aldehydes, evidencing the need for studying the permeabilization of membranes oxidized *in situ*.

Only recently, truncated lipid aldehydes were quantified during lipid membrane permeabilization, by derivatization with the probe 1-pyrenebutyric hydrazide (PBH) and analysis by mass spectrometry. Phospholipids with aldehyde chains containing 8-, 9-, and 10-carbon atoms were detected in very low concentrations (ca. 1 mol %) exclusively in POPC membranes undergoing permeabilization. Remarkably, the photosensitizer MB was unable to permeabilize membranes or form aldehydes in conditions in which the more hydrophobic photosensitizer DO15 promoted both effects. Nonetheless, 40-fold more prolonged irradiation of samples with MB reproduced the results obtained with DO15, indicating a correlation between membrane permeabilization and aldehyde formation. In addition to that, molecular dynamics simulations showed that only lipid aldehydes promoted pore opening and significantly decreased (ca. 2-fold) the permeation free energy barrier of water if compared with pristine POPC membranes ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). Lipid hydroperoxides, alcohols, and ketones did not enhance membrane permeability in any manner,^[@ref5]^ suggesting that the membrane permeabilization effect is caused exclusively by very low percentages of truncated lipid aldehydes.

Simulations typically require higher concentrations of oxidized lipids for pores to be observed in comparison to experimental studies. One possible cause of this discrepancy is the fact that membranes may exhibit lipid phase separation,^[@ref23]^ having nano- or microsized domains that may concentrate oxidized lipids to levels more compatible with simulations. Discrepancies could also arise from the membranes oxidized *in situ* being under nonequilibrium conditions and susceptible to forces that may contribute to pore opening. For instance, Yusupov et al. showed that applying a constant electric field perpendicularly to the membrane plane favored pore opening in simulated oxidized membranes. Higher aldehyde concentrations decreased the time needed for pore formation and the threshold electric field required for pore opening, while hydroperoxides did not exhibit a clear concentration dependence or enhanced pore formation significantly if compared with a nonoxidized bilayer.^[@ref54]^ In photooxidized GUVs, the opening of pores was also associated with the tension created by reducing membrane area at constant volume, given that the membrane surface area decreases at later oxidation stages due to the formation of truncated lipid species.^[@ref40],[@ref46]^

Controlling Lipid Oxidation in the Contexts of Skin Care and PDT {#sec4}
================================================================

Recent mechanistic studies on photosensitized oxidations have demonstrated the importance of contact-dependent pathways in order to irreversibly damage biological structures and provided a molecular-level explanation of why photosensitizer efficiency often correlates with membrane binding.^[@ref5]^ Contact-dependent processes are expected to have enhanced chemical and spatial specificity compared with contact-independent ones, given that they do not rely on the diffusion of a mediator species (i.e., singlet oxygen) and that they depend on specific reactions between the photosensitizer and its targets. Direct reactions involving photosensitizers have also been shown to be fundamental for generating vascular damage in a new modality of treatment of prostate cancer, which has already received approval in several countries.^[@ref55]^ In this case, the photosensitizer is incorporated into human serum albumin, where it undergoes a fast electron transfer reaction yielding radical species in the protein hydrophobic pocket.^[@ref56]^

The formation of excited states and their effective collision with a target are the crucial steps in determining photosensitizer efficiency. Even though singlet oxygen oxidizes lipids through the ene reaction and the resulting lipid hydroperoxides make the membrane thinner, this transformation is insufficient for membrane permeabilization. The decisive step toward pore opening occurs when excited states of photosensitizers directly react with unsaturated lipids, starting a multistep process that ultimately generates truncated lipid aldehydes and permeabilizes membranes.^[@ref5]^ The fact that the most relevant reaction requires direct involvement of the photosensitizer indicates that the initial damage may be confined to the nanometer scale. Therefore, strategies to control the transformations happening in the skin during sunlight exposition should likely consist of a combination of excited state and lipid radical quenching. For example, polyunsaturated lipids with bisallylic hydrogens replaced by deuterium atoms have been shown to inhibit lipid oxidation reactions depending on hydrogen abstraction;^[@ref57]^ hence, one could envision the incorporation of these modified lipid species in sunscreen formulations aiming at preventing contact-dependent processes. The development of such strategies would likely also benefit from accompanying lipidomic studies, in order to unravel the main reactions and lipid oxidation products that must be prevented.

Since contact-dependent reactions require direct involvement of photosensitizers, it remained an open question whether photobleaching of photosensitizers was correlated with membrane permeabilization. Tasso and co-workers answered this question by testing membrane permeabilization by a series of porphyrazins that suffer photobleaching by an electron abstraction reaction in the excited singlet state. Even though all the studied photosensitizers had similar singlet oxygen generation quantum yields and membrane binding efficiencies, the ones with higher photobleaching rates permeabilized membranes to a greater extent. This result proves that one-electron reactions are essential to lipid oxidation processes and that photobleaching is not necessarily as detrimental as usually portrayed in the literature but a consequence of efficient membrane damage.^[@ref6]^ Therefore, developing strategies for photosensitizer regeneration should become a priority when designing new drugs and protocols for PDT, in addition to aiming for photosensitizers whose excited states selectively engage in direct reactions with unsaturated lipids and perhaps lipid hydroperoxides. Moreover, targeting photosensitizers to specific insertion depths and domains of lipid membranes may also significantly improve the efficiency of contact-dependent reactions.
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